Angiotensin II (Ang II) is a vasopressive hormone but is also a potent activator of cellular migration. We have previously shown that it can promote the activation of the GTPase ARF6 in a heterologous overexpressing system. The molecular mechanisms by which receptors control the activation of this small G protein remain, however, largely unknown. Furthermore, how ARF6 coordinates the activation of complex cellular responses needs to be further elucidated. In this study, we demonstrate that Ang II receptors engage ␤-arrestin, but not G q , to mediate ARF6 activation in HEK 293 cells. To further confirm the key role of ␤-arrestin proteins, we overexpressed ␤-arrestin2-(1-320), a dominant negative mutant known to block receptor endocytosis. We show that expression of this truncated construct does not support the activation of the GTPase nor cell migration. Interestingly, ␤-arrestin2 can interact with the ARF guanine nucleotide exchange factor ARNO, although the C-terminally lacking mutant does not. We finally examined whether receptor endocytosis controlled ARF6 activation and cell migration. Although the clathrin inhibitor PitStop2 did not impact the ability of Ang II to activate ARF6, cell migration was markedly impaired. To further show that ARF activation regulates key signaling events leading to migration, we also examined MAPK activation. We demonstrate that this signaling axis is relevant in smooth muscle cells of the vasculature. Altogether, our findings show for the first time that Ang II receptor signaling to ␤-arrestin regulates ARF6 activation. These proteins together control receptor endocytosis and ultimately cell migration.
Angiotensin II (Ang II) 2 is a peptidic hormone that acts primarily through its angiotensin II type 1 receptor (AT 1 R) to promote a broad variety of biological effects. In the vasculature, its main target is the vascular smooth muscle cell (VSMC). In addition to promoting vasoconstriction through increased intracellular calcium levels, Ang II may promote enhancement of oxidative stress (1, 2) , hypertrophy (3) , and cell migration (4, 5) . Misregulation of AT 1 R function can be deleterious and therefore contribute to the development of pathological conditions (6) . Because of its ability to promote activation of numerous signaling events as well as the development of different ligands to modulate receptor activation, AT 1 Rs have been broadly studied in heterologous recombinant cellular systems. However, their native roles in VSMCs remain understudied. Abnormal function of these cells is critically involved in disease development, i.e. abnormal migration is associated with atherosclerosis processes (7) . To develop new tools effective in treating complex vascular diseases, we must elucidate the mechanisms controlling Ang II-mediated VSMC responses such as migration.
Stimulation of the AT 1 R leads to the classical activation of heterotrimeric G proteins to produce intracellular accumulation of second messengers. Upon sustained activation, receptors become desensitized by the recruitment of ␤-arrestin (8, 9) . Over the years, the role of these proteins as signaling molecules has emerged from the studies reporting that they can interact with numerous partners (10, 11) . The first example that ␤-arrestin not only acts to terminate receptormediated second messenger production but actively contributes to control the fate of receptors following their stimulation came from the demonstration that these directly bind components of the clathrin-coated vesicles (12) (13) (14) . Furthermore, their ability to interact with the different components of the mitogen-activated protein kinase (MAPK) pathway, leading to activation of extracellular signal-regulated kinase 1/2 (ERK1/2) (15, 16), c-Jun N-terminal kinase 3 (JNK3) (17) , or p38 MAPK (18) has further demonstrated that ␤-arrestins can act as scaffold proteins.
Signaling through ␤-arrestin has been shown to be important for the receptor-mediated increase in cellular motility. For instance, ␤-arrestin expression is required for cell migration stimulated by protease-activated-2 receptor (PAR-2) (19) . Fur-thermore, leukocyte chemotaxis promoted by CXC chemokine receptor type-4 (CXCR4) activation was found to be defective in ␤-arrestin2 knock-out mice (20) , and knockdown of ␤-arrestin2, by siRNA, reduced Ang II-mediated cell migration (4) . Numerous studies have reported that ␤-arrestin regulates small GTP-binding protein activation. ␤-Arrestin1 was shown to activate RhoA in coordination with G q (21) , through a mechanism whereby ␤-arrestin1 acts to inhibit deactivation of the GTPase by modulating the function of its GTPase-activating proteins (22) . Our previous work has demonstrated that stimulation of the ␤ 2 -adrenergic receptor can lead to the association of ␤-arrestin isoforms and ARF6 in HEK 293 cells (23) . This and further studies have also shown that this small GTPase mediates G protein-coupled receptor endocytosis (24) . ARF proteins are small GTPases of the Ras superfamily, and six isoforms have been identified (ARF1-6). ARF proteins also act to promote remodeling of membrane lipids (25, 26) , vesicular trafficking and adhesion (27, 28) , as well as reorganization of the actin cytoskeleton (29) . Like all GTPases, ARF cycles between a GDPand a GTP-bound form. This is regulated by guanine nucleotide exchange factors (GEF) and GTPase-activating proteins (30) . We have demonstrated, in heterologous recombinant cellular systems, that Ang II stimulation leads to the activation of ARF6 and ultimately impacts the Rac signaling pathway leading to cellular ruffling (31) . In addition, we and others showed that both ARF1 and ARF6 are key regulators of migration and invasion of breast cancer cells (32, 33) further supporting a role for ARF GTPases in mediating receptor-dependent cellular behavior associated with pathophysiology. Using an in vitro approach, we have demonstrated that ␤-arrestin facilitates activation of ARF6 (23) . However, the molecular details driving ARF6 activation remain to be defined, in particular in physiologically relevant cell models. Numerous reports demonstrate that activation of Ras-related GTPases can be mediated by different molecular pathways. For instance, the thromboxane A 2 ␤-type receptor requires the G q protein to activate ARF6 (34) . In contrast, both G proteins and ␤-arrestin are necessary to drive GTP loading of Rho (21) .
Here, we have studied the nature of the proximal events in the Ang II-mediated activation of ARF6 and defined key molecular pathways regulating cell migration. We have validated our findings in both HEK 293 cells and VSMCs. Using biochemical inhibitors, a biased ligand, RNA interference, and a ␤-arrestin mutant, we demonstrate for the first time that activation of this ARF isoform is mediated by ␤-arrestin and is independent of G protein activation. We further show that the ␤-arrestin C-terminal tail is responsible for scaffolding the ARF GEF ARNO, therefore defining the molecular mechanism responsible for ␤-arrestin-mediated ARF6 activation. Finally, we report that receptor endocytosis contributes to Ang II-stimulated cell migration. Altogether, we provide a molecular mechanism by which the AT 1 R can promote migration of VSMCs, a process that contributes namely to atherosclerosis and cardiovascular diseases. We show that by controlling both receptor internalization and actin remodeling, ARF6 regulates cellular migration in these cells. (35) , also known as FR900359 (36) , was procured from the Institute of Pharmaceutical Biology of Bonn (Bonn, Germany). The polyclonal 3978 antibody is directed against a C-terminal epitope of ␤-arrestin1 and -2 (37). Anti-HA antibodies (3F10 and 12CA5) were purchased from Roche Applied Science (Cambridge, MA). Anti-pan-actin and anti-phospho-ERK1/2 were from Cell Signaling Technology (Danvers, MA). Protein G PLUS-agarose beads, anti-ARF6 (3A-1), anti-␤-arrestin2 (H-9), and anti-G q/11 (C-19) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). PitStop2 was purchased from Abcam Biochemicals (Cambridge, MA). Lipofectamine 2000 was purchased from Invitrogen. Coelenterazine h was purchased from Nanolight Technology (Pinetop, AZ). Polyornithine and all other products were from Sigma.
Experimental Procedures

Reagents and Antibodies
DNA Plasmids and siRNA-GST-GGA3, GST-ARNO, and HA-ARNO were gifts from Dr. J.-L. Parent (Université de Sherbrooke, Quebec, Canada). Double-stranded small interfering RNA (siRNA) targeting rat ARF6 (5Ј-AAUCCUCAUCUUCG-CCAACAA-3Ј), human ␤-arrestin1 (5Ј-AAAGCCUUCUG-CGCGGAGAAU-3Ј), and ␤-arrestin2 (5Ј-AAGGACCGCAA-AGUGUUUGUG-3Ј) were previously described (24, 38) . On-TARGET non-targeting siRNA was used as a control. All siRNAs were synthesized by GE Healthcare Dharmacon. Fulllength and 1-320 ␤-arrestin2 constructs were previously characterized (39) and are a generous gift from Dr. J. L. Benovic (Thomas Jefferson University, Philadelphia).
Cell Culture and Transfection-HEK 293 cells stably expressing the HA-tagged AT 1 R were characterized previously (40) and were cultured in Eagle's minimal essential medium. Aortic VSMCs, isolated from Wistar rats by explant, were provided by Dr. Marc Servant (Université de Montréal, Montreal, Canada) and used at passages 7-10. These cells were characterized and shown to be responsive to Ang II as well as to express AT 1 R until passage 16 (41) (42) (43) (44) . Here, experiments were performed and repeated in cells from passages 7-16 to ensure reproducibility of the results in all assays. Cells were also monitored for their cuboidal morphology and sensitivity to Ang II throughout the different passages. VSMCs were maintained in Dulbecco's modified Eagle's medium. For both HEK 293 and VSMCs, culture media were supplemented with 10% fetal bovine serum (Wisent, St-Bruno, Quebec, Canada). All cells were maintained at 37°C in 5% CO 2 and used for no more than six other passages. All cells were transfected with siRNA using Lipofectamine 2000 according to the manufacturer's instructions. DNA constructs were transfected using a calcium phosphate mix (HBS 2ϫ: 50 mM HEPES, pH 7.1, 280 mM NaCl, 1.5 mM Na 2 HPO 4 , mixed with 2.5 M CaCl 2 ).
ARF6 Activation Assay-Cells were stimulated with Ang II (100 nM to 1 M) at 37°C for the indicated times. They were then lysed in 200 l of lysis buffer E (pH 7.4, 50 mM Tris-HCl, 1% Nonidet P-40, 137 mM NaCl, 10% glycerol, 5 mM MgCl 2 , 20 ␤-Arrestin Controls ARF6 Activation and Cell Migration mM NaF, 1 mM NaPP i , 1 mM Na 3 VO 4 , and protease inhibitors). Samples were spun for 10 min at 10,000 ϫ g at 4°C. GST-GGA3 fusion protein coupled to glutathione-Sepharose 4B beads was added to each tube, and samples were rotated at 4°C for 1 h. Proteins were eluted into 20 l of SDS sample buffer containing 5% ␤-mercaptoethanol by heating to 65°C for 15 min, resolved on 14% SDS-PAGE, and detected by immunoblot using a specific anti-ARF6 antibody.
BRET Measurements-Cells were transfected with AT 1 R-YFP (3 g) along with ␤arr2-RlucII (100 ng). The day following transfection, cells were detached and replated onto polyornithine-coated white 96-well plates at a density of ϳ25,000 cells per well. Boyden Chamber Assay-Transfected cells were serumstarved and seeded into Boyden chambers (24-well inserts with 8-m pore collagen-coated membranes). One hour after plating, cells were stimulated with Ang II (100 nM) or left untreated. After 4 h, cells were fixed using paraformaldehyde (4%) for 20 min and incubated with crystal violet (0.1% in 20% MeOH, overnight). Membranes were washed three times in distilled H 2 O, and cells were removed from the upper chamber, leaving those that migrated through the membrane in the lower chamber. Pictures of four different fields were taken, and cell migration was quantified using ImageJ. The average number of migrating cells was determined for each condition.
Wound Healing Assay-VSMCs were grown in 35-mm plates until they reached 100% confluence and were serum-starved overnight. Small linear scratches were performed using a 10-l pipette tip. Cells were then rinsed several times with serum-free media to remove dislodged cells and were allowed to continue growing at 37°C in media alone or with the addition of the agonist to the media, in a humidified incubator with 5% CO 2 . Cells were then fixed with paraformaldehyde (4%, 15 min) at designated time points (0 and 24 h), and pictures of five different fields were taken. A representative picture is presented for each condition.
Immunoprecipitation Experiments-Transfected HEK 293 cells were lysed in 200 l of TGH buffer (50 mM NaCl, 50 mM HEPES, pH 7.3, 5 mM EDTA, 10% glycerol, 1% Triton X-100, supplemented with protease inhibitors and 1 mM Na 3 VO 4 ). Samples were spun for 10 min at 10,000 ϫ g at 4°C. Equal amounts of protein were immunoprecipitated using the 3F10 HA antibody (2 h at 4°C), and protein G-PLUS-agarose beads were subsequently added for 2 h. The bead-bound complexes were pelleted, washed several times with TGH lysis buffer, and proteins eluted with SDS sample buffer containing 5% ␤-mercaptoethanol by heating to 65°C for 5 min.
GST Pulldown Assay-Transfected HEK 293 cells were lysed in 200 l of lysis buffer E (pH 7.4, 50 mM Tris-HCl, 1% Nonidet P-40, 137 mM NaCl, 10% glycerol, 5 mM MgCl 2 , 20 mM NaF, 1 mM NaPP i , 1 mM Na 3 VO 4 , and protease inhibitors). Samples were spun for 10 min at 10,000 ϫ g at 4°C. GST-ARNO fusion protein coupled to glutathione-Sepharose 4B beads was added to each tube, and samples were rotated at 4°C for 1 h. Proteins were eluted into 20 l of SDS sample buffer containing 5% ␤-mercaptoethanol by heating to 65°C for 15 min and resolved on 14% SDS-PAGE.
Western Blotting-Cells were harvested, and total soluble proteins were run on polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were blotted for relevant proteins using specific primary antibodies (as described for each experiment). Secondary antibodies were FITCor HRP-conjugated, and fluorescence was detected using a Typhoon 9410 scanner (GE Healthcare) or with ECL detection reagent. Quantification of the digital images obtained was performed using ImageJ.
Statistical Analysis-Statistical analyses were performed using a one-way analysis of variance followed by Bonferroni's or Dunnett's multiple comparison tests (version 4.0a; San Diego).
Results
␤-Arrestin Controls AT 1 R-mediated Activation of ARF6 in HEK 293
Cells-We first aimed to define the molecular mechanism by which AT 1 R promoted activation of ARF6. To investigate the role of endogenous G q , we used a novel chemical inhibitor, UBO-QIC (35, 45, 46) . This compound directly binds the G protein to inhibit GDP release (47) . As illustrated in Fig. 1 , Ang II stimulation enhanced ARF6 activation in HEK 293 cells stably overexpressing the AT 1 R. Pretreatment of the cells with UBO-QIC had no effects on the ability of Ang II to promote activation of this GTPase (Fig. 1) . However, UBO-QIC was effective in inhibiting ERK1/2 phosphorylation, a process that appears to be mainly mediated by G q in our HEK 293 cells.
We next examined the role of ␤-arrestin in Ang II-mediated ARF6 activation. Because there are no biochemical inhibitors yet effective in blocking ␤-arrestin proteins, we used RNAi to knock down endogenous expression of the two ␤-arrestin isoforms. As illustrated in Fig. 2A , transfection of the ␤-arrestin siRNA (48 h), into HEK 293 cells stably expressing the HA-AT 1 R (40), reduced by 66% expression of ␤-arrestin1 and -2 compared with the control condition. Ang II stimulation of control cells (transfected with a scrambled siRNA) promoted a 2.3-fold increase in ARF6 activation. In contrast, in conditions where expression of the two ␤-arrestin isoforms was reduced, Ang II stimulation was ineffective in promoting GTP loading of this ARF protein ( Fig. 2A) . To complement these data, we overexpressed a truncated ␤-arrestin2 lacking the C-terminal tail (␤arr2-(1-320)) and examined Ang II-mediated ARF6 activation. This truncated ␤-arrestin mutant is known to have a dominant negative effect on receptor endocytosis (39) because of the deletion of both the clathrin and the ␤-adaptin (AP-2)-binding sites (12, 14) . Although transfection of full-length ␤-arrestin2 had no effect on ARF6 activation, overexpression of the ␤-arrestin2(1-320) construct impaired the ability of this ligand to promote ARF6 activation (Fig. 2B ). These data demonstrate that impaired ␤-arrestin function greatly impacts the ability of the AT 1 R to activate ARF6. Altogether, these results suggest that Ang II-mediated activation of this ARF isoform is a process requiring receptor signaling to ␤-arrestin but not activation of G q .
Full-length but Not Truncated ␤-Arrestin2 Interacts with the ARF GEF ARNO to Facilitate ARF6 Activation in HEK 293
Cells-Because of their ability to act as scaffolds, ␤-arrestin can interact with many different proteins. First, we demonstrate that Ang II stimulation promoted the association of ␤-arrestin and ARF6 in a time-dependent fashion with an early peak after 3 min of agonist stimulation and a later peak at 15 min (Fig. 3A) . To further understand how ␤-arrestin can regulate GTP-loading of ARF6, we examined whether the C-terminal truncated mutant could still interact, or be found in complex, with either ARF6 or ARNO. In a co-immunoprecipitation experiment, we observed that ARF6 could interact with ␤-arrestin2-(1-320), when HEK 293 cells were in complete medium (Fig. 3B ). In contrast, the truncated ␤-arrestin2 mutant form was unable to associate with the ARF GEF (Fig. 3C ). To confirm our findings, we used an alternative approach and attempted to pull down overexpressed ␤-arrestin from cell lysates using purified GST-ARNO. As illustrated in Fig. 3 , D and E, truncated ␤-arrestin2 showed much lower association with the ARF GEF, as GST-ARNO precipitated only 2% of the ␤-arrestin2-(1-320), whereas 31% of wild type ␤-arrestin2 was pulled down by the same fusion protein. In sum, these data suggest that ␤-arrestin acts as a scaffold to facilitate activation of ARF6 by interacting with its GEF. input (10%) FIGURE 1. Ang II-dependent ARF6 activation is unaffected by G q inhibitor UBO-QIC. HA-AT 1 R-expressing HEK 293 cells were pretreated with DMSO (0.1%) or G q inhibitor UBO-QIC (100 nM) for 30 min. They were stimulated afterward with Ang II (1 M) for 2 min. Cells were lysed, and ARF6 activity was assessed in a GTPase activation assay using GST-GGA3. ARF6 levels were assessed by Western blotting using specific antibodies against ARF6. Quantifications are the mean Ϯ S. Pull Down: GST-GGA3 input (10%) 0 FIGURE 2. ␤-Arrestin depletion and truncated mutant expression inhibits Ang II-dependent ARF6 activation. A, HA-AT 1 R-expressing HEK 293 cells were transfected with control (ctl) or a mixture of ␤-arrestin1 and -2 siRNA for 48 h. They were then stimulated with Ang II (1 M) for 2 min. Cells were lysed, and ARF6 activity was assessed using GST-GGA3. B, HA-AT 1 R expressing HEK 293 were transfected with an empty vector, full-length ␤-arrestin2, or a truncated ␤-arrestin2-(1-320) mutant for 24 h. They were stimulated afterward with Ang II (1 M) for 2 min. Cells were lysed, and ARF6 activity was assessed. IB, immunoblot. Quantifications are the mean Ϯ S.E. of three independent experiments. *, p Ͻ 0.05.
␤-Arrestin Controls ARF6 Activation and Cell Migration
Because ␤-arrestin is a key regulator of clathrin-mediated endocytosis of receptors and that, as mentioned previously, its C-terminal truncated form cannot support this process, we next examined whether blocking internalization could impair the ability of Ang II to stimulate ARF6. For these experiments, we used PitStop2, a potent inhibitor of clathrin-mediated endocytosis (48) . As observed in Fig. 4A , pretreatment of the cells with PitStop2 did not significantly affect Ang II-dependent ARF6 activation nor did it affect the ability of ␤-arrestin2 to interact with ARF6 in cells (Fig. 4B) . Furthermore, inhibition of ) . Cells were lysed, and endogenous ARF6 was immunoprecipitated (IP) using an anti-ARF6 antibody. Interacting ␤-arrestin2 levels were assessed by Western blotting using specific antibodies against ␤-arrestin2. Quantifications are the mean Ϯ S.E. of four independent experiments. B and C, HEK 293 cells were transfected with HA-ARF6 (B) or HA-ARNO (C) and either full-length or truncated ␤-arrestin2-(1-320) for 24 h. Cells were lysed, and HA-ARF6 (B) or HA-ARNO (C) was immunoprecipitated using an anti-HA antibody. Interacting ␤-arrestin2 levels were assessed by Western blotting. Blots shown are representative of three experiments. D, HEK 293 cells were transfected with an empty vector, full-length, or truncated ␤-arrestin2-(1-320) for 24 h. Cells were lysed, and ␤-arrestin2 was precipitated using GST-ARNO. Interacting ␤-arrestin2 levels were assessed by Western blotting using specific antibodies against ␤-arrestin2. ␤-Arrestin Controls ARF6 Activation and Cell Migration endocytosis using PitStop2 did not affect the ability of ␤-arrestin2 to be recruited by receptors following Ang II stimulation in a BRET-based assay (Fig. 4C ). This observation was confirmed when we examined the distribution of ␤-arrestin2 by imaging. As illustrated in Fig. 4D , ␤-arrestin2-GFP was mainly distributed in the cytosol of both control and PitStop2-treated cells. -(1-320) ) for 24 h (C). Cells were trypsinized and reseeded into Boyden chambers where they were left for 1 h. One set of cells was stimulated with Ang II (100 nM), and the other was left untreated. Migration to the lower chamber was evaluated after 4 h for all conditions. D, HA-AT 1 R-expressing HEK 293 cells were trypsinized and reseeded in Boyden chambers where they were pretreated with DMSO or PitStop2 (10 M) for 30 min. One set of cells was stimulated with Ang II (100 nM), and the other was left untreated. Migration to the lower chamber was evaluated after 4 h for all conditions. For all experiments, quantifications are the mean Ϯ S.E. of three independent experiments. ***, p Ͻ 0.001; **, p Ͻ 0.01; *, p Ͻ 0.05. ns, nonstimulated. FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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Ang II stimulation led to the translocation of ␤-arrestin2-GFP at the plasma membrane and subsequent trafficking into endosomes (90 and 240 s, respectively) in control cells (top right panel, arrows in the inset). Although PitStop2 treatment did not prevent the ability of ␤-arrestin2-GFP to relocalize to the membrane upon Ang II stimulation, it blocked internalization of the receptor⅐␤-arrestin2 complex. Indeed, ␤-arrestin2-GFP remained mostly in clusters trapped at the plasma membrane (Fig. 4D, lower right panel, inset) . Altogether, these results demonstrate that receptor internalization is not a key event regulating GTP loading of the ARF.
HEK 293 Cell Migration Is Regulated by ␤-Arrestin, ARF6, and Receptor Endocytosis-One of the most important and best-studied Ang II-dependent cellular responses is migration. Here, we therefore examined the role of ARF6 using the dominant negative mutant, ARF6 T27N. We used this approach instead of completely knocking down expression of the GTPase because we have shown previously that limiting ARF6 expression results in high Rac1 activation and spontaneous membrane ruffling, a process unrelated with GTP loading of this ARF protein in HEK 293 cells (31) . As illustrated in Fig. 5A , expression of the dominant negative ARF6 mutant did not affect basal cell migration but completely blocked the ability of Ang II to promote this response. To confirm that the key proteins we have identified in the activation process of this GTPase also regulate ARF6-mediated effects, we examined whether ␤-arrestin could modulate this response. As shown in Fig. 5B , knockdown of ␤-arrestin effectively reduced migration of AT 1 R-expressing HEK 293 cells following a 4-h Ang II treatment when using the Boyden chamber assay. In contrast, overexpression of wild type ␤-arrestin2 had no effect on Ang IIstimulated cell migration suggesting that ␤-arrestin expression is not limiting in these cells. Interestingly, expression of the ␤-arrestin2 mutant defective in ARF6 activation and unable to support receptor endocytosis inhibited Ang II-stimulated cell migration by 47% compared with the control condition and 53% compared with the ␤-arrestin2-overexpressing condition (Fig. 5C ). Because this ␤-arrestin as well as dominant negative ARF6 are both unable to effectively support receptor internalization, we examined whether treatment with PitStop2 could also modulate Ang II-mediated cell migration. We observe that treatment of AT 1 R-expressing HEK 293 cells with this clathrin inhibitor effectively blocked Ang II-stimulated cell migration (Fig. 5D ). To confirm this finding, we used hyperosmotic sucrose treatment as an alternative approach to block clathrinmediated endocytosis. As illustrated in Fig. 6A , this treatment also prevented Ang II-dependent cell migration, while having no impact on ARF6 activation (Fig. 6B) as well as on the interaction between ␤-arrestin2 and the small GTPase (Fig. 6C) . In sum, these observations confirm the role of ␤-arrestin in Ang II-stimulated cell migration, but they also highlight the importance of receptor endocytosis in this important physiological response.
Because endocytosis partially controls Ang II signaling to mitogenic pathways, we further investigated whether the key signaling events we have identified also controls ERK1/2 activation. As illustrated in Fig. 7A , expression of the ARF6 dominant negative mutant, ARF6T27N, reduced ERK1/2 phosphorylation by 32%. Treatment of the cells with PitStop2 had similar effects (24%) (Fig. 7B) . However, inhibition of G q using UBO-QIC reduced by 71% ERK phosphorylation (Fig. 7C) . These findings suggest that in our HEK 293 cells, activation of the MAPK pathway is mainly regulated by G q . ARF6 and endocytosis do however also play a role. Finally, we examined whether ERK activation was important for cell migration. As illustrated in Fig. 7D , treatment of cells with the MEK inhibitor PD98059 did not significantly block Ang II-stimulated ERK1/2 activation, underscoring the lack of role of this cellular event in cell migration. Ang II Stimulation Promotes ARF6 Activation, an Event Required for VSMC Migration-Because few studies have explored the role of ARF6 proteins in primary cells expressing endogenous levels of receptors and effectors, we aimed at defining whether stimulation of the AT 1 R, in VSMCs, led to the activation of this ARF isoform and involved the molecular mechanisms identified in HEK 293 cells. VSMCs were isolated from rat aorta as described under "Experimental Procedures." We and others have shown that these cells, when cultured in the conditions described, retained the expression of AT 1 R and that Ang II stimulation resulted in the activation of numerous cellular events, which could be blocked by selective AT 1 R antagonists (42) (43) (44) 49) . As illustrated in Fig. 8A , Ang II treatment resulted in a rapid and transient increase of ARF6-GTP levels, which were maximal after 5 min of stimulation and returned to basal levels 15 min post-treatment. Because selective engagement of the ␤-arrestin-dependent signaling events can be achieved by using biased ligands, we stimulated cells with SII, known to promote ␤-arrestin recruitment to the receptor, but not receptor coupling to heterotrimeric G proteins (50, 51) . As illustrated in Fig. 8B , stimulation of VSMCs with SII promoted a rapid and transient activation of ARF6, similar to what we observed when cells were stimulated with Ang II with the peak of ARF6-GTP detected after 5 min of stimulation, and a return to basal levels after 10 min.
We next examined the ability of Ang II and SII to promote migration of VSMCs in a wound healing assay, an approach regularly used to assess cell motility. After 24 h of treatment, wound healing was found to be on average 29% in control conditions demonstrating the intrinsic capacity of those cells to migrate and close the wounded area (Fig. 9A) . Ang II stimulation enhanced motility and healing of the wound by 55%. Interestingly, SII was as potent and resulted in an average 60% closure of the wound suggesting that AT 1 R engagement of ␤-arrestin is sufficient to promote VSMC migration. To demonstrate that in this cell line G q activation is not a key event regulating this cellular response, we examined the consequence of inhibiting this G protein. UBO-QIC treatment did not modulate the ability of Ang II to promote cell migration (Fig. 9B) .
To confirm the importance of ARF6 in the migratory response of these cells, we next knocked down expression of this ARF isoform. First, stimulation of VSMCs for 4 h with Ang II enhanced the migratory capacities of these cells by 2.3-fold (Fig. 9C) . Our previous findings have shown that this process is dependent upon the presence of ␤-arrestin proteins because their depletion effectively blocks migration in this cell type (43) . In these conditions, our ARF6 siRNA was effective in reducing ARF6 expression by 93%. As illustrated in Fig. 9C , depletion of ␤-Arrestin Controls ARF6 Activation and Cell Migration FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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this ARF isoform markedly abolished Ang II-promoted migration of cells. In sum, these data demonstrate that engagement of ARF6 is a key event in the signaling cascade leading to VSMC migration following Ang II treatment.
Altogether, these findings suggest that Ang II-mediated migration of VSMCs depends on the ability of the endogenously expressed AT 1 R to engage ␤-arrestin without the need to activate Gq, and this process also requires ARF6.
Receptor Endocytosis Contributes to Ang II-mediated Cell Migration-Because we have observed that receptor endocytosis is a key event in migration of HEK 293 cells, and because growing evidence suggests that receptor endocytosis can drive cell motility (52), we next examined the consequence of blocking clathrin-coated pit formation with PitStop2 in VSMCs. As illustrated in Fig. 10A , treatment of these cells with the biochemical inhibitor significantly inhibited their ability to migrate upon Ang II stimulation. Contrary to HEK 293 cells, pretreatment of VSMCs with the MEK inhibitor PD98059 blocked Ang II-dependent migration (Fig. 10B) , confirming the importance of the ERK pathway in this event. We also observed that PitStop2 was effective at reducing AT 1 R-mediated ERK activation following either Ang II or SII stimulation of cells (Fig. 10, C and D) . Consistent with the role of ARF6 in regulating AT 1 R internalization and the need of receptor endocytosis for MAPK in VSMCs, we also confirmed that this small GTPase regulated ␤-arrestin-dependent ERK1/2 activation. In VSMCs, ERK1/2 phosphorylation peaked at 5 min following Ang II stimulation, and ARF6 knockdown markedly reduced this signaling event (Fig.  11A) . The ␤-arrestin-biased ligand SII, although less potent, was also able to promote ERK1/2 activation (Fig. 11B) , a process also dependent upon ARF6 GTPase.
In summary, these findings reveal that receptor signaling via ␤-arrestin regulate activation of the small GTPase ARF6 to control key cellular responses and to ultimately promote cellular migration. For the first time, we show that the coordinated regulation of receptor endocytosis and MAPK activation by both ␤-arrestin and ARF6 are key events regulating migration of VSMCs.
Discussion
In this study, we have initially used HEK 293 cells to delineate the molecular mechanisms by which AT 1 R leads to the activation of ARF6 and ultimately cell migration. Using VSMCs, we have confirmed that AT 1 R engages ␤-arrestin to activate ARF6, and through the regulation of endocytosis, these events contribute to control cell migration.
The AT 1 R has been used as a model receptor to show that G protein-coupled receptors can engage cellular responses through coupling either to G proteins or ␤-arrestin. Activation of the GTPase Rho by the AT 1 R was shown to require G q and ␤-arrestin (21). Alternatively, thromboxane A 2 ␤-type receptor was reported to activate ARF6 via coupling to G q (34) . Although we show that in HEK 293 cells we can effectively block G q activation by using a novel biochemical inhibitor, UBO-QIC, this G protein does not mediate activation of ARF6. In contrast, inhibition of ␤-arrestin expression or function greatly impacts the ability of Ang II to promote ARF6 activation. The ability of G protein-coupled receptors to activate a key molecular switch such as ARF6 resides in the intrinsic properties of those receptors to engage, with different efficacy, their effectors. Although it remains to be fully documented, the thromboxane A 2 ␤-type receptor and the AT 1 R may have distinct propensity to activate G q versus ␤-arrestin in HEK 293 cells and therefore utilize differently these effectors to activate common downstream signaling proteins.
The use of a truncated form of ␤-arrestin (␤-arrestin-(1-320)) construct that lacked the C-terminal domain allowed us to demonstrate that this adaptor protein serves to scaffold the ARF GEF ARNO, a process necessary for activation of ARF6. This mutant ␤-arrestin construct does not have a nuclear export signal domain but can still be recruited to receptors (39, 53) . It has been reported that when in complex with the receptor, ␤-arrestin undergoes a conformational rearrangement. The C-terminal tail of ␤-arrestin is displaced and thus free to interact with other proteins (54) . This model was supported by elucidation of the structure of the C terminus lacking the p44 ␤-arrestin1 splice variant (55) as well as by elucidation of the structure of ␤-arrestin1 with the C-terminal tail of the vaso- ␤-Arrestin Controls ARF6 Activation and Cell Migration pressin receptor (56) . Together, this evidence suggests that a ␤-arrestin mutant lacking its C terminus would be able to bind an activated receptor but would have reduced affinity for some of its effectors/interacting partners, like ARNO. This ARF GEF belongs to the cytohesin family, whose autoinhibition can be relieved by interacting with other proteins (57) . Binding of ␤-arrestin to ARNO could serve to bring the GEF to a more activated state. Interestingly, cytohesins can also bind activated ARF6 to reach a more active state, suggesting that GTP loading on ARF6 molecules could be stimulated by a positive feedback loop (58) . Moreover, it has been shown that EFA6, another ARF6 GEF, interacts with ␤-arrestin through its C-terminal end (59) . It was proposed that both GEFs (cytohesin and EFA6) successively mediate ARF6 activation during endocytic events (60) . In addition, the ␤-arrestin2-(1-320) construct lacks the AP-2 and the clathrin-binding sites (14) , enabling it to support receptor endocytosis. Our findings using this tool led us to examine the role of clathrin-mediated internalization in ARF6 activation and cell migration. Using inhibitors such as PitStop2 and sucrose, we observed that this cellular response is not important for activation of ARF6 but that receptor trafficking does contribute to more complex cellular responses such as migration. Previous studies have revealed the importance of clathrin-mediated internalization in both agonist-dependent (52) or -independent (61) cell migration. When we inhibited clathrin-mediated endocytosis, we observed that Ang II-dependent cell migration was blocked. Considering that this observation has also been reported for the platelet-derived growth factor receptor (52) , it suggests that this event may not be limited to receptors of the G protein-coupled family.
Because sequestration of receptors from the cell surface has been shown to contribute to the continuation of signaling inside cells such as MAPK activation (15, 17) , we also considered whether the engagement of such signaling pathways contributed to the regulation of Ang II-dependent cell migration. In our HEK 293 cells, inhibiting MAPK activation did not affect cell migration. Similar observations have also been reported before (4) . In contrast, activation of AT 1 R, by a ␤-arrestin biased ligand, which promotes receptor internalization and MAPK activation, resulted in VSMC migration (43) . Moreover, inhibition of either MAPK activation or receptor endocytosis greatly impeded Ang II-dependent VSMC migration, potentially linking these two events for cell migration regulation. Our findings also suggest that endocytosis and ␤-arrestin contribute to AT 1 R-mediated migration of HEK 293 cells. However, it is still unclear how internalization and whether other signaling events dependent on ␤-arrestin contribute to regulating migration in these cells. Our findings underscore the importance of studying such complex cellular responses in different cell types, in particular relevant physiological ones like VSMCs. Despite VSMCs expressing AT 1 R and being responsive to Ang II (even in late passage tissue culture) (42) (43) (44) (62) (63) (64) for MAPK activation, the signaling pathway leading to cell migration differs from HEK 293 cells as observed here. A detailed analysis in multiple cell lines may indeed reveal that signaling pathways engaged by receptors to promote a specific cellular response can vary between cell types but also for the same cell type depending on its origin as shown previously for MAPK in HEK 293 cells (65) . Our results thus suggest that depending on the molecular mechanisms by which a signaling intermediate such . Ang II and SII induce VSMC migration, an event that requires ARF6 expression. A, VSMCs were grown to confluence, and scratches were performed. These cells were stimulated with either Ang II (100 nM) or SII (10 M) or were left untreated. Cells were fixed after 24 h, and six to eight pictures were taken for each condition. The images shown here are representative of four experiments, and quantifications are the mean Ϯ S.E. of all four independent experiments. B, VSMCs were trypsinized and reseeded in Boyden chambers where they were pretreated with DMSO (ctl) or UBO-QIC (100 nM) for 30 min. One set of cells was stimulated with Ang II (100 nM), and the other was left untreated. Migration to the lower chamber was evaluated after 4 h for all conditions. C, VSMCs were transfected with ARF6 siRNA for 48 h. They were serum-starved for 16 h, then trypsinized, and reseeded into Boyden chambers where they were left for 1 h. One set of cells was stimulated with Ang II (100 nM), and the other was left untreated. Migration to the lower chamber was evaluated after 4 h for all conditions. Quantifications are the mean Ϯ S.E. of three independent experiments. All experiments were performed in cells at different passages (between 7 and 16). ***, p Ͻ 0.001; **, p Ͻ 0.01; *, p Ͻ 0.05. IB, immunoblot. ns, nonstimulated.
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as MAPK is activated, its role in the cell migration response may vary. Altogether, our study has contributed to elucidate the molecular mechanisms by which the AT 1 R activate ARF6 and ultimately cell migration (Fig. 12) . It is the ability of this receptor to engage ␤-arrestin-dependent signaling events that serve to control activation of this small GTP-binding protein by ARNO and possibly other ARF GEF. GTP-bound ARF6, in turn, activates its numerous effectors. It was shown that this ARF remained present at the plasma membrane (66), although it can FIGURE 10. Inhibition of clathrin-mediated endocytosis inhibits VSMC migration, as well as Ang II-and SII-dependent ERK activation. A and B, VSMCs were trypsinized and reseeded in Boyden chambers where they were pretreated with DMSO (ctl), PitStop2 (10 M) (A) or PD98059 (50 M) (B) for 30 min. One set of cells was stimulated with Ang II (100 nM), and the other was left untreated. Migration to the lower chamber was evaluated after 4 h for all conditions. C and D, VSMCs were pretreated with DMSO (0.1%) or PitStop2 (10 M) for 30 min. They were stimulated afterward with Ang II (100 nM) (C) or SII (10 M) (D) for the indicated durations. Cells were lysed, and ERK1/2 activation was assayed by Western blotting. Quantifications are the mean Ϯ S.E. of three independent experiments. All experiments were performed in cells at different passages (between 7 and 16). ***, p Ͻ 0.001; **, p Ͻ 0.01; *, p Ͻ 0.05. ns, nonstimulated.
␤-Arrestin Controls ARF6 Activation and Cell Migration be found in a specific subset of endosomes (67) . Upon Ang II treatment, ARF6 controls the recruitment of clathrin and AP-2 to the receptor⅐␤-arrestin complex to promote internalization, in addition to the remodeling of the actin cytoskeleton (29, 68) . With better knowledge of the mechanisms regulating activation of ARF6, we can better understand how receptors control physiological responses such as cell migration. Proteins such as ARF could thus serve as molecular targets for the design of new therapeutics to treat diseases of the cardiovascular system where such responses are deregulated.
Author Contributions-R. C., S. A. L., and A. C. designed the experimental plan and wrote the paper. R. C., Y. N., and M. C. performed the research. FIGURE 12 . Visual summary of the pathways demonstrated in this study. This figure summarizes the early events, which lead to Ang II-mediated cell migration. First, after stimulation of the AT 1 R, ␤-arrestins were recruited to the activated receptor while scaffolding an ARF GEF to promote ARF6 activation at the membrane. Second, ␤-arrestins and ARF6 recruit clathrin, which promotes the formation of clathrin-coated pits and enables receptor endocytosis. Finally, ␤-arrestins, which are still in a stable complex with the AT 1 R, can scaffold elements of the MAPK cascade leading to ERK activation.
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